Introduction {#s0001}
============

OvCA is the fifth leading cause of cancer deaths in American women. Globally, there were 239,000 new cases in 2012 with 152,000 deaths worldwide.[@cit0001] Due to the absence of specific symptoms and the lack of trustworthy screening for early detection, the majority of women with OvCA (60--65%) are diagnosed at a late stage when the cancer has spread beyond the confines of the ovary. Currently, the standard treatment of OvCA is a combination of surgical intervention and platinum-containing chemotherapy, such as carboplatin plus paclitaxel.[@cit0002] Treatment for stage III or IV disease is rarely curative, with 5-y survival rates under 20%. No effective therapy is available for relapsed or metastatic disease that has failed platinum therapy.[@cit0004]

Recent evidence indicates that OvCA are immunogenic tumors,[@cit0005] suggesting that restoration and augmentation of host antitumor immunity may provide a new mode of immunotherapy that would benefit patients. Several reports have demonstrated that PD-1/PD-L1 and CTLA-4 blockade improves immunity and clinical outcomes in mouse[@cit0006] and human[@cit0008] melanoma, findings that are being extended to treat other cancers.[@cit0008] From the immunology viewpoint, immune manipulation is an attractive primary and/or adjuvant approach for cancer treatment because it has the specificity to discriminate between neoplastic and non-neoplastic cells.[@cit0011] The discovery of a therapeutic human monoclonal antibody (mAb) that could restore host immunity in OvCA patients would represent a significant advancement in cancer treatment.

In healthy individuals, CD4^+^CD25^+^ Tregs play an important role in the control of homeostatic tolerance by suppressing autoreactive T cells and preventing autoimmune diseases.[@cit0012] In contrast, in cancer patients the fine balance between Tregs and effector T cells (Teffs) is often impaired with the expansion of Tregs that may foster cancer progression.[@cit0014] Increasing evidence indicates that Tregs are recruited to the tumor site where they can suppress host antitumor immunity.[@cit0016] The recruitment of Tregs to the tumor is mediated through high-level secretion of the CCR4 receptor chemokine CCL22 by tumor cells and microenvironmental macrophages.[@cit0016] These CCR4^+^ Tregs create a favorable environment for dysregulation of local antitumor immunity and enhancement of tumor growth. Indeed, elevated levels of Tregs among tumor-infiltrating lymphocytes (TILs) have been described in many cancers, including OvCA.[@cit0018] In addition, results of several studies have shown that increased Treg infiltration in OvCA is associated with poor survival.[@cit0016] Therefore, blocking Treg migration and function(s) by depletion or CCL22/CCR4 blockade may lead to reversal of Treg immunosuppression, which, in turn, may have therapeutic value in cancer treatment, particularly in OvCA where tumor cell secretion of CCL22 and recruitment of Tregs is well documented.[@cit0016]

In the field of cancer immunotherapy, reversing Treg suppression is believed to be one of the main obstacles that must be overcome to improve antitumor immunity. We and others have recently reported that anti-CCR4 mAb can reverse Treg suppression and restore Teff proliferation *in vitro*.[@cit0021] Anti-CCR4 depletion of Tregs has also been shown to augment the *in vitro* induction of peripheral blood NY-ESO-1 specific CD8^+^ T cells from melanoma patients.[@cit0022] In this study, we investigated two isotypes of anti-CCR4 mAb2-3 that have markedly different biological activities on Tregs *in vivo*.[@cit0021] In particular, mAb2-3 IgG1 induces a profound depletion of Tregs. In contrast, the non-depleting IgG4 isotype of mAb2-3 shows no killing of Tregs but retains the ability to block CCL22/CCR4 chemoattraction. Both isotypes of mAb2-3 specifically inhibited the tumor penetration of Tregs in CCL22-secreting OvCA xenografts. In addition, inhibition of OvCA tumor growth was more potent through Treg depletion by mAb2-3 IgG1 than by blockade of Treg migration by mAb2-3 IgG4 in OvCA xenograft-bearing mice reconstructed with allogeneic TP-T cells. Mechanistic studies further revealed that mAb2-3 treatment of Tregs leads to inhibition of interleukin (IL)-2 binding through induction of CD25 shedding which lead to a decrease in IL-2-dependent survival. These studies demonstrate that reversing Treg immunosuppression is possible and that restoration of antitumor immunity through Treg modulation by mAb2-3 may offer a promising addition to our anti-OvCA treatment armamentarium.

Results {#s0002}
=======

CCR4 expression profiles on human T cell populations {#s0002-0001}
----------------------------------------------------

Human peripheral blood mononuclear cells (hPBMCs) were isolated from healthy donors and stained with multiple T cell surface markers to delineate the T cell subpopulations ([Fig. 1A](#f0001){ref-type="fig"}). Cell markers (CD3, CD4, CD25, and CD127) were used to identify CD4^+^CD25^high^CD127^dim/−^ Tregs and CD4^+^CD25^−^CD127^+^ Teffs. In addition, anti-CCR7 and anti-CD45RA antibodies were used to assign Teffs into four subsets, i.e. naive (Tnaive), central memory (Tcm), effector memory (Tem), and other Teffs. The percentage of each CD4^+^ T cell subset from hPBMCs was measured ([Fig. 1B](#f0001){ref-type="fig"}). The CCR4 expression profiles of CD4^+^ T cell subsets were further screened and quantified by QuantiBRITE PE beads and PE-labeled anti-CCR4 antibody using flow cytometry (Fig. 1C, S1A, and S1B). The CCR4 molecules were uniformly expressed on Tregs ([Fig. 1D](#f0001){ref-type="fig"}) with a surface density (19,717 ± 1416, n = 3) that was circa 2.5-fold higher than on Teffs (8063 ± 165, n = 3) ([Fig. 1E](#f0001){ref-type="fig"}). Although CCR4 expression on Teffs was variable (4--40%) ([Fig. 1D](#f0001){ref-type="fig"}), similar numbers of CCR4 molecules were present on CCR4 positive cells (Fig. S1C). Figure 1.Identification of CCR4 molecules on CD4^+^ T cell populations. (A) Gating strategy for identification of human effector (CD4^+^CD25^−^, Teffs) and regulatory (CD4^+^CD25^+^CD127^dim/−^, Tregs) T cell populations and the CCR4-expressing T cell subsets in both populations. Black and red boxes and dotted lines, and the arrow reflect the gated populations for further analysis. (B) The percentage of T cell subpopulations, including naïve (T-naive), central memory (Tcm), effector memory (Tem), regulatory (Treg), and other effector (T-eff), in total T cells. (C) Fluorescence histograms of QuantiBRITE PE beads (red line), CD25^high^CD127^dim/−^CCR4^+^ Tregs (blue line), and CD25^dim/−^CD127^+^CCR4^+^ T cells (orange line) were performed by flow cytometry in three independent healthy donors. PE beads showed the fluorochrome contained low level (474 PE molecules/bead), medium low level (5,359 PE molecules/bead), medium high level (23,843 PE molecules/bead), and high level (62,336 PE molecules/bead) of PE molecules. (D) The percentage of CCR4^+^ subsets in each T cell subpopulation. (E) The expression levels of CCR4 molecule on CD4^+^CD25^−^CD127^+^ Teffs and CD4^+^CD25^high^CD127^dim/−^ Tregs. All experiments were performed in three independent donors and showed the means ±S.E.M.

The immunosuppression ability of CCR4^+^ Tregs on Teff cell proliferation {#s0002-0002}
-------------------------------------------------------------------------

It is well known that FoxP3 is critically important for both the development of Tregs as well as their suppressor function.[@cit0023] To evaluate if the CCR4^+^ Tregs mediate immunosuppression, CCR4 staining was performed together with CD25 and FoxP3 co-staining. In [Fig. 2A](#f0002){ref-type="fig"}, 85% of cells in the CD3^+^, CD4^+^, CD25^+^, and FoxP3^+^ T cell gate were found to co-express CCR4. Treg suppression assay was then performed to determine the biological function of CCR4^+^ Tregs. As shown in [Fig. 2B](#f0002){ref-type="fig"} and S2, Teff proliferation was suppressed in the co-cultures with total Tregs but not in the co-culture with CCR4^−^ Tregs, suggesting that the CCR4^+^ Treg subset plays an important role in suppressor activity. Figure 2.CCR4^+^ Tregs-mediated immunosuppression. (A) Expression of CCR4 on CD4^+^CD25^+^FoxP3^+^ Tregs was assessed by flow cytometry. Representative fluorescence-activated cell sorter (FACS) plots of CD25 and FoxP3 expression gated on CD3^+^CD4^+^ lymphocytes (left two plots) and CCR4 staining gated on CD25^+^FoxP3^+^ lymphocytes (right plot) in healthy donor blood sample. Bold frames present the gated populations for further analyses. (B) CFSE proliferation profiles of CD4^+^ effector T cells cultured with or without 20 µg/mL PHA and Tregs or CCR4^−^ Tregs (at the ratio of Teff:Treg = 10:1) were analyzed using flow cytometry by gating CFSE^+^ cells. CCR4^−^ Tregs were separated by using mAb2-3-conjugated beads. Percentages represent the proportion of dividing CFSE-labeled CD4^+^ Teffs after 7 d in culture. Experiments were reproduced in three independent donors.

*In vivo* depletion of Tregs by mAb2-3 IgG1 in huPBL-NSG mice {#s0002-0003}
-------------------------------------------------------------

To investigate whether mAb2-3 treatment could modulate the Treg population *in vivo*, we used two isotypes of mAb2-3 -- IgG1 and IgG4 isotype, the latter has limited *in vivo* depletion activity due to its narrow range and low affinities for Fcγ receptors (FcγRs).[@cit0024] These antibodies were injected into human peripheral blood lymphocyte NSG mice (aka huPBL-NSG mice) and the Treg percentages in mouse blood were examined. As shown in Fig. S3A, at day 1 post treatment the CD4^+^CD25^+^CD127^dim/−^ Treg population were markedly decreased in the mAb2-3 IgG1 group but as, expected, not in the mAb2-3 IgG4 or control mAb treated groups (Fig. S3B and S3C). At Day 7, there was \<50% recovery of Tregs in mAb2-3-treated mice compared to mAb2-3 IgG4 and control mAb treated groups. Long-term effects of mAb2-3 IgG4 multiple dose treatments in hu-PBL-NSG mice were also investigated. Fig. S4 shows that the percentage of CD3^+^CD4^+^CD25^+^CD127^−^ cells in human CD45^+^ lymphocytes in mouse blood, spleen, and bone marrow were not altered significantly over the three-week study. Interestingly, the total numbers of CD3^+^ T cells and CD8^+^ T cells increased in the mice treated with mAb2-3 IgG4 at the last time point (Fig. S4C and S4E, respectively). These results indicate that mAb2-3 IgG1, not IgG4, leads to *in vivo* depletion of Tregs.

Inhibition of OvCA-mediated Treg migration by mAb2-3 *in vitro* and *in vivo* {#s0002-0004}
-----------------------------------------------------------------------------

The CCL22 expression levels in three OvCA cell lines IGROV-1, OVCAR-5, and OVCAR-8 were examined. In agreement with transcriptional profiling studies (data not shown), CCL22 expression was highest in IGROV-1, modest in OVCAR-5, and undetectable in OVCAR-8 cells ([Fig. 3A](#f0003){ref-type="fig"}). No CCR4 expression was detected on any of these cell lines (Fig. S5A). We further performed a chemotaxis assay using either culture supernatant from these cell lines or recombinant human CCL22. All three cultured mediums showed increased Treg migration compared to fresh medium. However, both mAb2-3 IgG1 and IgG4 were capable of inhibiting Treg chemotaxis induced by CCL22 containing IGROV-1 and OVCAR-5 supernatants but not by OVCAR-8 supernatants. ([Fig. 3B](#f0003){ref-type="fig"}). Treg chemotaxis to CCL22 was also inhibited by mAb2-3 in a dose-dependent manner (Fig. S5B). These results indicate that both mAb2-3 IgG1 and IgG4 were able to inhibit the recruitment of Tregs to CCL22-secreting OvCA cells *in vitro*. Figure 3.Inhibition of ovarian cancer-cells-mediated Treg chemotaxis by mAb2-3 *in vitro* and *in vivo*. (A) To facilitate intracellular chemokine CCL22 staining 3 µg/mL brefeldin A was added (blue lines) or not (red lines) to the overnight cultures of IGROV-1, OVCAR-5 and OVCAR-8 cell lines. (B) *In vitro* chemotaxis of CD4^+^CD25^+^ Tregs induced by CCL22-expressing ovarian cancer cell supernatant was performed using transwell assay. Treg recruitment was inhibited by mAb2-3 IgG1 and IgG4, but not by control antibodies. (C) The *in vivo* bioluminescence images of ovarian cancer xenograft mouse model at 18 h post-injection of luciferized CD4^+^ T cells and (D) CD4^+^CD25^+^CD127^dim/−^ Tregs. The intensity of region of interest (ROI) (red circle, xenograted tumor) was further quantified in the left panel. Results were expressed as means ±S.D. "\*" and "\*\*" represent Students t-test *p* value \< 0.05 and 0.01, respectively.

A recent report comparing the genomic profiles of OvCA cell lines and high-grade serous ovarian cancer (HGSOC) tumor samples indicated that IGROV-1 may originate from a different OvCA subtype.[@cit0025] Nevertheless, for our studies that rely on secretion of expression of CCL22, IGROV-1 is still suitable for our studies irrespective of its genomic profile. Next, to evaluate if mAb2-3 could block Treg recruitment *in vivo*, we injected luciferase-transduced CD4^+^ or CD4^+^CD25^+^ T cells in mice bearing IGROV-1 xenograft tumors followed by treatment with mAb2-3 or control antibody. After 18 h, bioluminescent imaging showed that the CCL22-secreting tumor recruited the CD4^+^ and CD4^+^CD25^+^ T cells in mice treated with control IgG1, but such recruitment was reduced by treatment with mAb2-3 IgG1 ([Figs. 3C and 3D](#f0003){ref-type="fig"}, respectively). Furthermore, we investigated the recruitment CD4^+^CD25^+^CD127^dim/−^ Tregs after 48 h of mAb2-3 treatment and found that (a) Tregs accumulated in tumor tissue in the control IgG1 group, (b) Tregs were depleted by mAb2-3 IgG1 and (c) Tregs were diffusely distributed in the mice treated with mAb2-3 IgG4 (Fig. S6A). Both mAb2-3 IgG1 and IgG4 treatment resulted in lower bioluminescent intensity in the tumor tissue (Fig. S6B) and lesser tumor-infiltrating Tregs (Fig. S6C) than control group. These results indicate that mAb2-3 IgG1 treatment resulted in Treg depletion while mAb2-3 IgG4 treatment lead to inhibition of tumor-infiltrating Treg recruitment *in vivo*.

Enhanced antitumor immunity mediated by mAb2-3 *in vitro* {#s0002-0005}
---------------------------------------------------------

To establish an OvCA xenograft bearing humanized mouse model, we created IGROV-1-specific T cells *in vitro* that could be tested subsequently for *in vivo* immunotherapy. DCs were differentiated from monocytes harvested from hPBMCs (Fig. S7A), pulsed with IGROV-1 cell lysates, and co-cultured with autologous hPBMCs to generate TP-T cells. These TP-T cells were able to respond to tumor antigens, leading to production of IFNγ in a co-culture with IGROV-1-pulsed DCs (Fig S7B). Furthermore, as shown in the representative experiment in [Fig. 4A](#f0004){ref-type="fig"}, TP-T cells consisted of circa 31.6±1.4% (n = 3) CD25^+^CCR4^+^ T cells among all CD4^+^ T cells. These CCR4^+^ TP-T cells could also be removed using mAb2-3-conjugated magnetic beads ([Fig. 4B](#f0004){ref-type="fig"}). In addition, TP-T cells co-cultured with IGROV-1 cells exhibited an increased release of IFNγ compared to TP-T cells cultured alone ([Fig. 4C](#f0004){ref-type="fig"}). Cell staining studies showed an increase in IFNγ expression for both CD8^+^ and CD4^+^ TP-T cells reacting to IGROV-1 cells compared to unprimed T cells from the same donor ([Fig. 4D](#f0004){ref-type="fig"}). Additionally, the co-culture showed enhanced IFNγ activity when CCR4^+^ cells were depleted with mAb2-3 from the TP-T population ([Fig. 4C](#f0004){ref-type="fig"}). mAb2-3-depleted TP-T cells also induced higher cellular cytotoxicity on IGROV-1 cells than non-depleted TP-T cell ([Fig. 4E](#f0004){ref-type="fig"}). Surprisingly, there was no enhanced effect of soluble mAb2-3 IgG1 or IgG4 treatment compared to control IgG1 on IFNγ activity ([Fig. 4C](#f0004){ref-type="fig"}). This lack of mAb2-3 enhancement suggests that Treg depletion is required in this *in vitro* system to achieve reversal of TP-T suppression possible because of the high percentage of Tregs in the co-cultures, their release of suppressive mediators and/or requirement for cell-to-cell contact. Collectively, these data indicate that the TP-T cells, especially mAb2-3-depleted CCR4^−^ TP-T cells, could induce antitumor responses and mediate tumor cell death. Figure 4.The activity of tumor-primed T cells on IGROV-1 cells. (A) Tumor-primed T cells were stained by anti-CD3, CD4^+^, CD8^+^, CD25 and (B) CCR4 antibodies. CCR4-depleted tumor-primed T cells by mAb2-3-conjugated beads and T cell subsets in tumor-primed T cells were analyzed by flow cytometry. (C) Tumor-primed T cells and mAb2-3-depleted tumor-primed T cells were incubated with IGROV-1 cells for 24 and 48 h and then the supernatant were harvested and detected the expression level of IFNγ. The IFNγ in the cocultured supernatant was measured by mesoscale discovery (MSD) and showed the folds of the IFNγ concentration in the tumor-primed T cells cultured supernatant. (D) Intracellular IFNγ staining of CD4^+^ and CD8^+^ T cells from coculture. Cells were harvested at 48 h post-coculture; incubated for 6 h in the presence of brefeldin A; stained for CD3, CD4^+^, and CD8^+^; fixed in paraformaldehyde; permeabilized; and stained for intracellular IFNγ. The cells were gated on lymphocytes by size and CD markers and analyzed by flow cytometry. (E) The cytotoxic activities of tumor-primed T cells and mAb2-3-depleted tumor-primed T cells were further detected by LDH ELISA assay. All experiments represented triplicates in each time point with the means ±S.D. and performed in two independent experiments. "\*", "\*\*," and "\*\*\*" represents Students t-test *p* value\< 0.05, 0.01 and 0.005, respectively.

Evaluation of mAb2-3 antitumor effect *in vivo* {#s0002-0006}
-----------------------------------------------

We next sought to confirm the functional and thus potential therapeutic relevance of our findings that reduced tumor-infiltrating Tregs by mAb2-3-mediated depletion or blockade could enhance antitumor activity. Mice bearing luciferase-expressing IGROV-1 xenografts received 4 × 10^6^ TP-T cells and were treated with mAb2-3 twice a week for five weeks. Bioluminescent images were taken every 10 d to quantitate the tumor size ([Fig. 5A](#f0005){ref-type="fig"}). Mice treated with mAb2-3 IgG1 and IgG4 showed lower relative low luminescence intensity compared to control groups, with mAb2-3 IgG1 treatment showing greater antitumor effects than mAb2-3 IgG4 ([Fig. 5B](#f0005){ref-type="fig"}). The same observation was seen in tumor size measurement ([Fig. 5C](#f0005){ref-type="fig"}). Interestingly, the greatest reduction in mouse body weight was seen in the group treated with mAb2-3 IgG1 ([Fig. 5D](#f0005){ref-type="fig"}). The antitumor effect of mAb2-3 was also observed in tumor tissue ([Fig. 5E](#f0005){ref-type="fig"}) and tumor weight ([Fig. 5F](#f0005){ref-type="fig"}). These results showed that mAb2-3 mediated TP-T cells against tumor inhibiting tumor growth *in vivo*. Figure 5.mAb2-3 mediated the tumor growth inhibition in IGROV-1-xenografted mice reconstructed with IGROV-1-primed T cells. (A) NSG mice were inoculated with 2 × 10^6^ luciferazed IGROV-1 tumor cells subcutaneously, injected 4 × 10^6^ IGROV-1-primed T cells intravenously, and treated with anti-CCR4 antibodies. Tumor growth curves of luciferazed IGROV-1 human ovarian carcinoma tumor xenografts in NSG mice were measured. Mice were treated with three mg/kg of control IgG4 (n = 2), mAb2-3 IgG1 (n = 3), and mAb2-3 IgG4 (n = 3) and equal volume of PBS (n = 2). Antibodies were administered intravenously twice a week for five weeks. Mice were imaged using an IVIS imaging system every 10 d Color scale: blue, luminescent signal intensity; red, least intense signal; most intense signal. (B) Luciferase signals of tumor tissues in each group were quantified. (C) Tumor size and (D) body weight in mice treated with antibodies were measured twice a week. (E) Tumor tissue and (F) tumor weight were harvested and measured. Bar scale, 1 cm. \**p* \< 0.05; \*\*\**p* \< 0.005; *p* value were calculated with two-way ANOVA. All data were shown the means ±S.E.M.

To confirm the potent therapeutic effect of mAb2-3, we increased by 2.5-fold the number of TP-T cells injected into mice bearing IGROV-1 xenografts. Under these experimental conditions, there was statistically significant inhibition of the tumor growth curves in mice treated with both mAb2-3 IgG1 and IgG4 (Fig. S8A). The body weight and tumor tissues showed similar results as [Fig. 5](#f0005){ref-type="fig"} (Fig. S8B and S8C). TP-T cells (CD3^+^) were found infiltrating the site of tumor engraftment for all treatment groups (Fig. S8D, upper panel). In addition, CD25^+^ TP-T cells were detectable and accumulated in xenografted tumor treated with PBS and control mAb, but the accumulation of CD25^+^ TP-T cells was reduced in tumor treated with mAb2-3 IgG1 and IgG4 (Fig. S8D, lower panel). The TP-T cells in mouse blood were further investigated by FACS and the results showed that there were no difference in CD4^+^ and CD8^+^ T cells among each treatment group but the Treg population was decreased only in mAb2-3 IgG1-treated group (Fig. S8E--G). Taken together, these data indicate that Treg depletion by mAb2-3 IgG1 and tumor-recruiting Treg blockade by mAb2-3 IgG4 could enhance antitumor immunity *in vivo*.

Modulation of Treg survival by disruption of IL-2 binding and induction of CD25 shedding by mAb2-3 {#s0002-0007}
--------------------------------------------------------------------------------------------------

The suppressive mechanisms used by Tregs include releasing inhibitory cytokines and cytolytic enzymes, as well as mediating metabolic disruption by CD25/IL-2 and CD39/adenosine.[@cit0026] We first studied cytokine production by Tregs and found that mAb2-3 did not alter the levels of suppressive cytokines, i.e., IL-10 and TGF-β (Fig. S9). We next investigated if the binding of mAb2-3 to CCR4 on Teff and Treg could affect the interactions between CD25 (TAC), the α chain of IL-2 receptor (IL-2R), and IL-2. [Fig. 6A](#f0006){ref-type="fig"} shows that endogenous IL-2 secretion from Teffs was not induced by mAb2-3 treatment. In contrast, when exogenous IL-2 was added into the Tregs culture, marked increase in IL-2 accumulation was detected in the supernatant with mAb2-3 only ([Fig. 6B](#f0006){ref-type="fig"}). In addition, a Teff/Treg co-culture system was set up in which cells were treated with mAb2-3 or control mAb and also incubated without ([Fig. 6C](#f0006){ref-type="fig"}) or with ([Fig. 6D](#f0006){ref-type="fig"}) exogenous IL-2. The results showed that mAb2-3 but not control mAb treatment lead to an increase in IL-2 levels in both co-culture supernatants. Figure 6.The intermediation of mAb2-3 in interaction between IL-2 and CD25. (A) In the absence of exogenous IL-2, endogenous IL-2 levels in 1 × 10^4^ CD4^+^CD25^−^ Teffs cultured supernatants incubated with or without mAb2-3 IgG1 were analyzed by ELISA. (B) CD4^+^CD127^dim^CD49d^−^ Tregs (3000/reaction) were incubated with 0.25 IU/mL of exogenous IL-2 in the presence and absence of 20 μg/mL of mAbs and 0.5/1 μg/mL of plate-bound anti-CD3/28 antibodies. Bars represent means ±S.D. (C) In the absence of exogenous IL-2, endogenous IL-2 concentration was shown from 1 × 10^4^ Teffs alone or with Tregs and treated with 20 μg/mL of mAb2--3. Bars represent means ±S.D. (D) The concentrations of IL-2 in supernatants from Teffs and Tregs coculture treated with mAb2-3 in the presence of 4 IU/mL of exogenously added IL-2. Bars represent means ±S.D. (E) The concentration of soluble CD25 in 48-h cultured supernatant of Tregs treated with 20 µg/mL mAb2-3 or control IgG1 was investigated with ELISA. Data was shown the average from three independent donors. Bars represent means ±S.E.M. "\*" and "\*\*" represent *p* value \< 0.05 and 0.01, respectively, by using two-way ANOVA. (F) *In vitro* cell survival assay was performed by measuring the viability dye in cultured Tregs treated with the presence or absence of 0.5 IU/mL IL-2, 20 µg/mL mAb2-3 IgG1, and 20 µg/mL control IgG1 for 5 d. The normalized percentage of dead Tregs from different groups among spontaneous death Tregs was shown. Each dot indicates an individual donor in each group. Bars represent means ±S.E.M. "\*\*" and "\*\*\*" represent *p* value \< 0.01 and 0.005, respectively, by using Students t-test.

Mac-1 cells expressing both CCR4 and IL-2Rs were then used to further examine if mAb2-3 affected the binding of IL-2 to IL-2R in a competition assay. The results showed that like the anti-TAC (IL-2Rα) mAb, mAb2-3 effectively inhibited the binding of biotinylated-IL-2 to Mac-1 cells when compared to treatment with the control mAb that does not block IL-2 binding (Fig. S10A and S10B).[@cit0027] In addition, the Mac-1 culture supernatants were harvested following treatment with exogenous IL-2 and different mAbs, and subjected to ELISA assay for soluble IL-2 detection. Treatment with both anti-TAC mAb and mAb2-3 lead to increased IL-2 level in the culture supernatant presumably due to inhibition of exogenous IL-2 binding to Mac-1 cells, but control mAb-treated or untreated groups did not (Fig. S10C).

It is known that IL-2Rs consists of three subunits, α, β, and γ chains, and the α chain markedly increases the affinity of the receptor to IL-2, from Kd = 1 nM (βγ chains) to K~d~ = 10 pM (αβγ chains). In control experiments with transiently transfected 293T cell, inhibition of IL-2 binding was found not to be due to direct binding of mAb2-3 to the individual α, β, and γ subunit chains or to the complex (data not shown). CD25 is also reportedly cleaved to a soluble form (sCD25)[@cit0028] with Kd = 30 nM following T cell activation.[@cit0029] We next monitored sCD25 in the culture supernatant following treatment with mAb2-3 or control mAb. The data revealed that the level of sCD25 in the supernatant was increased when Tregs were treated with mAb2-3 in a dose-dependent manner ([Fig. 6E](#f0006){ref-type="fig"}) and this effect was positively correlated with the time of incubation (Fig. S10D--F). To further determine the function of mAb2-3-mediated sCD25 shedding on Treg survival, Tregs were cultured with IL-2 and/or mAb2-3/control IgG1. As expected, IL-2 showed the capacity to maintain Treg survival, but interestingly, the positive effect of IL-2 on Treg survival was inhibited by mAb2-3 ([Fig. 6F](#f0006){ref-type="fig"}). These results demonstrate that mAb2-3 engagement of CCR4 on Tregs leads to modulation of the IL-2/IL-2R complex that can result in increased Treg death.

sCD25 shedding by mAb2-3 is shared by CCR4 ligands CCL17/22 and mediated through metalloproteinase 9 (MMP-9) {#s0002-0008}
------------------------------------------------------------------------------------------------------------

Since mAb2-3 can block CCL17/22 interaction with CCR4, we sought to understand whether CCL17/22 engagement of CCR4 might induce sCD25 shedding similarly to mAb2-3. In Fig. S11, both CCL17 and CCL22 ligands showed the activity to induced sCD25 shedding which has not been previously reported. In addition, several studies have shown that matrix metalloproteinase 9 (MMP-9) possesses the capacity to cleave CD25.[@cit0032] To investigate the mechanisms of action of mAb2-3, CCL17, and CCL22 in inducing sCD25 shedding, the cell cultures were treated with MMP-9 inhibitor or control MMP inhibitor. Interestingly, the MMP-9 inhibitor reduced sCD25 in all treatment groups with no effect observed from the control inhibitor (Fig. S11). These results indicate that mAb2-3 treatment leads to the cleavage of CD25 in a similar manner as CCL17/22,[@cit0030] suggesting that mAb2-3 possesses agonist activities and shares the capacity with the CCR4 ligands to activate MMP-9 function and sCD25 cleavage, with the end result being loss of IL-2 binding.

Discussion {#s0003}
==========

The tumor microenvironment contains a plethora of mixed immune cell types that play a paradoxical role in tumor immunosurveillance by either activating antitumor responses or promoting tumor progression.[@cit0035] It is now recognized that Treg infiltration is widespread in many cancers where they are presumed to have a role in mediating local immunosuppression.[@cit0019] One important role of human mAbs in cancer immunotherapy lies in their capacity to reverse the immune dysregulation and in our current study human anti-CCR4 mAb, mAb2-3, has been used to deplete or block Treg functional activity. We demonstrate that circa 85% of peripheral blood CD4^+^CD25^+^FoxP3^+^ Tregs overexpress CCR4 compared to Teffs and they are responsible for the majority of suppressor activity. *In vitro* studies demonstrated that CCR4^+^ Treg depletion by mAb2-3 inhibits Treg chemotactic activity to CCL22-expressing OvCA cells and restores Teff proliferation and anti-OvCA immunity. In a humanized mouse model bearing an OvCA xenograft, both mAb2-3 IgG1 and IgG4 isotypes showed therapeutic capability to modulate human Treg function and enhance antitumor activity.

MAb2-3 has both shared and distinct properties from Mogamulizumab, a defucosylated humanized anti-CCR4 IgG1 mAb that is approved by the Japanese FDA for the treatment of chemotherapy naive and relapsed/refractory adult T cell leukemia and for relapsed/refractory peripheral T cell lymphoma (PTCL) and cutaneous T cell leukemia (CTCL). Both mAbs have modified Fc functions to enhance ADCC activity[@cit0021] and are effective in depleting CCR4^+^ tumor cells in humanized mouse models.[@cit0039] In a subset of ATL patients, the CD4^+^CD25^+^Foxp3^+^ cells appear to function as autologous Tregs.[@cit0041] Two reports show a reduction of peripheral blood Tregs in ATL[@cit0022] and CTCL[@cit0043] patients treated with this mAb drug. Additional clinical studies with Mogamulizumab are underway in US and Europe for treatment of advanced and/or metastatic CCR4^−^ solid tumors with the goal of depleting infiltrating Tregs. In contrast to Mogamulizumab, mAb2-3 additionally mediates potent complement-dependent cytotoxicity (CDC) that may be the result of an optimal orientation of the Fc region, allowing the angle of attachment to be permissive for complement pore formation.[@cit0021] Another distinguishing feature is that mAb2-3 recognizes a conformational epitope that encompasses the N-terminal domain and the extracellular loops that mediates biological signaling.[@cit0021] In this regard, mAb2-3 treatment of Mac1 cells and Tregs led to enhanced sCD25 shedding, a property that was shared by the CCR4 ligands CCL22 and CCL17. This shared activity raises the possibility that mAb2-3 has agonist activity and triggers cell activation which results in CD25 cleavage. Studies of CCR4 signaling through CCL22/CCL17 binding have shown evidence of PI(3) kinase/AKT activation.[@cit0030] In addition, distinct conformations of CCR4 have been reported to respond differently to the two ligands, a property that is supported by our evidence that CCL22 and mAb2-3 are more potent activators of sCD25 shedding than is CCL17.[@cit0048]

High level CD25 expression on Tregs leads to formation of the trimeric high affinity IL-2 receptor that supports greater IL-2 binding which has been shown to be required for survival.[@cit0050] The increased cleavage of CD25 will result in decreased affinity of IL-2 for the IL-2βγR complex on Tregs. Our data demonstrate that mAb2-3 treatment also leads to blockade of IL-2 uptake by Tregs and inhibition of IL-2-mediated survival which may play a role in the *in vivo* antitumor effects seen with non-immunodepleting mAb2-3 IgG4. Elevations in sCD25 have been reported following anti-CTLA-4 mAb treatment of multiple myeloma patients although the mechanisms of sCD25 release were not investigated.[@cit0051] sCD25 functions as both a surrogate marker of T cell activation as well as an indicator of subsequent cellular death and therefore it could be expected to play varying roles depending on the local environment in regards to IL-2 concentration, cellular activation state, and the amount of sCD25 present. In addition, the role of CD25 in immunomodulation is likely dependent on the local inflammatory milieu, with molecules capable of modulating surface CD25 expression playing a key role in defining immune responsiveness.[@cit0032] Indeed, while sCD25 has been reported to act as a decoy to inhibit antitumor T cell responses,[@cit0052] other studies have shown that mDCs can lend their CD25 to primed T cell in *trans* to facilitate early high affinity IL-2 signaling.[@cit0053] Whether sCD25 can function in *trans* to activate Teff cells should be further investigated.

The new therapeutic approach of modulating T cell immune responses to restore antitumor immunity has shown encouraging results in the clinic. Strategies of targeting CD25 with anti-CD25 mAbs or IL-2-toxin fusion proteins in both murine models and humans have demonstrated that depletion of Tregs leads to tumor rejection by enhancing antitumor immune responses.[@cit0055] However, these strategies also affect activated Teffs and DCs, resulting in toxicity due to lack of specificity for Tregs.[@cit0057] The primary action of anti-CTLA-4 blocking antibodies is to restore CD28 binding to CD80/CD86 and remove an inhibitory checkpoint on proliferation and function to enhance Teff activity.[@cit0058] However, anti-CTLA4 also inhibits Treg function mainly though antibody-dependent cellular phagocytosis (ADCP) that is dependent on the presence of FcγR-expressing macrophages within the tumor microenvironment.[@cit0059] The clinical data for anti-CTLA-4 mAb blockade has shown objective responses in patients with melanoma, but significant antitumor effects were only observed in a minority of the OvCA patients.[@cit0060] The PD-1/PD-L1 is an inhibitory immune checkpoint pathway of lymphocyte activation. Recent studies using PD-1 blocking antibody showed clinical benefit in patients with malignancies.[@cit0061] However, a trial on the use of anti-PD-1 IgG4 in OvCA patients revealed a response rate of only 23% (3/13 patients).[@cit0063] These results document an urgent need to develop new human antibody drugs that are effective in restoring host anti-OvCA immunity. The development of novel therapeutic strategies that specifically target Tregs and abolish their suppressive function will provide an important new translational pathway to pursue.

In this study, the biological functions of both IgG1 and IgG4 isotypes of mAb2-3 were tested and showed similar capacity to block CCR4^+^Treg migration *in vitro* but revealed their different mechanisms of action *in vivo*. In particular, mAb2-3 IgG1 induced a profound immunodepletion of Tregs as evidenced by *in vivo* clearance studies and decreased tumor cell infiltration. In OvCA xenograft studies, mAb2-3 IgG1 treatment led to marked inhibition of tumor cell growth and in two animal studies the mice showed significant weight loss. In contrast, the IgG4 isotype appeared to work primarily through ligand-receptor blockade. *In vivo* trafficking studies showed that this isotype caused blockade of Treg chemotaxis to CCL22 secreting OvCA tumors and a decrease in tumor cell infiltration. The IgG4 isotype also caused a slower and less complete depletion of Tregs. The slower *in vivo* clearance observed for IgG4-mediated depletion of Tregs may be through a different mechanism of action as a recent report showed that IgG4 isotype has similar ADCP capacity to IgG1.[@cit0064] In addition, mAb2-3 IgG4 treatment showed lesser antitumor effect, however, the mice had no weight loss. These results suggest that the two mAb2-3 isotypes may have unique roles at different stages of OvCA disease with IgG4 treatment having a possibly preferred role at earlier stages when tumor burden is smaller and immune dysfunction is more easily reversed.

Development of an effective immune-based therapy for OvCA is urgently needed due to the high recurrence and mortality rates with current treatments. Recent studies using WBCs from ascites and peripheral blood of OvCA patients have demonstrated upregulation of surface markers that are associated with T cell exhaustion (e.g. PD-1, TIM-3) as well as an increase in Tregs.[@cit0065] This suggests that immune dysregulation is not just localized to tumor-associated lymphocytes (TALs) and TILs but is a systemic manifestation of the host. Patient derived tumor models (PDX) in immunocompromised mice are being used increasingly to test personalized cancer therapies but have been primarily focused on assessing the effects of small molecule drugs because the mouse models lack patient immune cells.[@cit0066] An alternative strategy toward advancing antibody-based cancer immunotherapies is to establish a PDX mouse model in which the critical interactions between the patient\'s tumor and immune cells can be interrogated. Here, we show in a prototypic model using allogeneic immune cells that TP-T cell immunity can be established and that the biological activity of Tregs can be modulated by the administration of mAb2-3, including assessing the role of the IgG1 and IgG4 isotypes in modulating tumor growth by Treg depletion and blockage activities, respectively. Moreover, this model may also allow combination immunotherapy to be assessed as there is growing laboratory and clinical evidence that concurrently targeting PD-1 and CTLA-4 leads to more profound effects on modulation of antitumor immunity *in vivo*.[@cit0067] The development of an HGSOC patient PDX model that could pre-clinically assess the antitumor efficacy of mAb2-3 alone and in combination with other immunotherapies would be particularly important to rapidly advance this promising new treatment for OvCA.

Materials and methods {#s0004}
=====================

Determining molecular densities on the surfaces of T cells {#s0004-0001}
----------------------------------------------------------

T cells were incubated with PacBlue-anti-CD3, BV570-anti-CD4, APC-anti-CD25, PE-Cy7-anti-CD127, PE-Cy5-anti-CD45RA, PerCP-Cy5.5-CCR7, and PE-anti-CCR4 mAbs at the concentration recommended in the datasheet. Cells were stained in 100 μL of FACS buffer (PBS supplemented with 5 mM EDTA and 1% BSA) at 4°C for 30 min. T cells were gated into different T cell subsets according to the CD markers and analyzed for PE fluorescent intensity. The fluorescent intensities were compared to standard calibration BD QuantiBRITE PE Beads (BD Biosciences, San Jose, CA) to determine the total number of molecules per cell/bead, which were divided by the cell/bead surface area to obtain site densities.

Treg suppression and survival assay {#s0004-0002}
-----------------------------------

CD4^+^CD25^−^ T cells were labeled with CFSE (BioLegend, San Diego, CA) at the concentration of 5 μM and cultured in 96-well plates at 5 × 10^4^ cells/well in the presence and absence of 20 µg/mL phytohemagglutinin (PHA, Sigma, St. Louis, MO) as positive and negative control for T cell proliferation, respectively. CD4^+^ and CD4^+^CCR4^−^ Tregs were isolated using Treg Cell Enrichment Kit (StemCell, Vancouver, Canada) and mAb2-3-conjugated Dynabeads M-280 (Life Technologies, Carlsbad, CA). 5 × 10^3^ CD4^+^ and CD4^+^CCR4^−^ Tregs were individually incubated with CFSE-labeled CD4^+^CD25^−^ T cells at 37°C for 7 d. To measure the proliferation of CFSE-labeled T cells, co-cultured cells were stained with Viability Dye eFluor 506 (eBioscience, San Diego, CA) and then the live CFSE^+^ cells were gated and analyzed using flow cytometry.

For survival assay, CD4^+^CD127^dim/−^CD49d^−^ Tregs were isolated from PBMCs using Treg Cell Enrichment Kit. 1 × 10^5^ Tregs were cultured with 0.5 IU/mL IL-2, 20 µg/mL mAb2-3 IgG1, and 20 µg/mL control IgG1 separately or in combinations, and incubated at 37^o^C for 5 d Cells were then stained with Viability Dye (eBioscience) and analyzed using flow cytometry.

Cells {#s0004-0003}
-----

OvCA cell lines, IGROV-1, OVCAR-5, and OVCAR-8, were incubated at 37°C in a 5% CO~2~-containing atmosphere and were provided courtesy of Dr Ronny I. Drapkin at 2013. OVCAR-5 and OVCAR-8 were cultured in RPMI-1640 (Life Technologies) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Life Technologies). IGROV-1 was cultured in 10% FBS and 1% penicillin/streptomycin Dulbecco\'s modification of Eagle medium (DMEM, Life Technologies). Luciferase-expressed IGROV-1 and T cells were stably transduced with a luciferase reporter retrovirus and authenticated by detecting luminescence. IGROV-1 and OVCAR-8 were genotyped at the Broad Institute at 2011. No additional authentication of these cell lines was conducted by the authors.

Animals {#s0004-0004}
-------

Six--eight weeks-old female NOD.Cg-*Prkdc*^*scid*^ *Il2rg*^tm1Wjl^/SzJ (NSG) mice (The Jackson Laboratory, Bar Harbor, ME) were used in this study. 2 × 10^6^ or 5 × 10^6^ luciferase-expressing IGROV-1 cells were injected into the dorsolateral flank subcutaneously (s.c.) in NSG mice and incubated for one or three days, respectively. Then, mice were randomly assigned into different groups and treated with IGROV-1-primed T cells (4 × 10^6^ or 1 × 10^7^) and 3 mg/kg mAb2-3 IgG1, mAb2-3 IgG4 and control mAb (twice a week for five weeks) by i.v. injection. Body weight and tumor size were measured using digital calipers and Xenogen *in vivo* imaging system (Xenogen IVIS-200, Alameda, CA). Tumor volumes were calculated as length×(width)^2^×0.52. Animal care was carried out in accordance with the guidelines of Animal Care and Use Committee of Dana-Farber Cancer Institute (Boston, MA).

Chemotaxis {#s0004-0005}
----------

T cells (1 × 10^6^ cells/well) were placed in transwell migration wells (Corning, Tewksbury, MA) with or without mAb2-3 for 5 h at 37°C. Migrated cells were harvested from the bottom chamber containing OvCA cell-cultured medium or 100 ng/mL human CCL22 (R&D Systems) and enumerated by FACS analysis. The OvCA cell-cultured medium was harvested from the supernatant of IGROV-1-, OVCAR-5-, and OVCAR-8-cultured medium (1 × 10^6^ cells/mL). T cell migration was calculated as a percentage relative to culture or CCL22-supplemented medium.

Establishment of tumor-primed T (TP-T) cells {#s0004-0006}
--------------------------------------------

PBMCs (2 × 10^6^/mL) were incubated with autologous IGROV-1-pulsed DCs (2 × 10^5^/mL) in complete medium containing recombinant IL-2 (30 IU/mL) and IL-7 (5 ng/mL). Cells were incubated in 50-mL tissue culture flasks at 37°C in 5% CO~2~ incubator. PBMCs were re-stimulated with lysate-pulsed autologous DCs every two weeks, and the cultures were fed every 5 d with fresh medium containing recombinant IL-2 and IL-7. After three to four cycles of antigen stimulation and selection, TP-T cells were established, and cells were expanded in complete medium containing recombinant IL-2 and IL-7 for two weeks and were subjected to functional tests.

Analysis of cytokine production {#s0004-0007}
-------------------------------

TP-T cells (1 × 10^5^) were incubated with autologous IGROV-1-pulsed DCs (2 × 10^4^), unpulsed DCs (2 × 10^4^), or Dynabeads Human T-Activator CD3/CD28 (Life Technologies) in the complete medium at 37°C. After 48-h incubation, the supernatant was harvested and IFNγ was detected using Human IFNγ Reagent Kit (Pierce Biotechnology, Rockford, IL) and Meso Scale Discovery Sector Imager 2400 (MSD, Rockville, MD). In addition, TP-T cells were incubated with mAb2-3-conjugated beads to deplete CCR4^+^ TP-T cells. TP-T or CCR4^−^ TP-T cells (1 × 10^5^) were incubated with IGROV-1 (1 × 10^4^) in the presence or absence of 20 µg/mL of mAb2-3 IgG1 or IgG4 in complete medium. After 24 and 48 h incubation, IFNγ production by TP-T cells was assessed by MSD and intracellular FACS analysis.

Supernatant cytokines, IL-2, and sCD25 detection {#s0004-0008}
------------------------------------------------

Cytokines and soluble CD25 were detected in cell culture supernatants using ELISA Ready-SET-Go! Kits for IL-2, IL-10, and TGF-β (eBioscience) and Human IL-2 sRα ELISA Set (BD Biosciences) according to manufacturer instructions. Samples were diluted (when necessary) in RPMI-1640 medium. For IL-10 and TGF-β, autologous CD4^+^CD25 and CD4^+^CD25^+^ T cells (1:1) were cultured with 10% FBS RPMI-1640 medium in anti-CD3/28 (1/0.5 µg/mL) coated plates in the presence or absence of 20 µg/mL antibodies. For IL-2, Teffs and Tregs alone or co-culture were incubated with 10% FBS RPMI-1640 medium in the presence or absence of exogenous IL-2 or antibodies. In the presence of exogenous IL-2 (20 IU/mL), 2 × 10^5^ Mac-1 cells were cultured with or without antibodies (mAb2-3 or anti-CD25, including anti-TAC and control mAbs). For competition assay, Mac-1 cells were stained with biotinylated IL-2 in the presence or absence of different concentration of antibodies and then detected by FACS. For sCD25 study, Mac-1 cells or Tregs were incubated with mAb2-3, CCL17, or CCL22 in the presence and absence of MMP-9 inhibitor (CAS 1177749-58-4) or GM6001, negative control from Calbiochem (EMD Biosciences, San Diego, CA). Cells were incubated for 12, 24, and 48 h and then cultured supernatant were harvested for ELISA.

Statistical analyses {#s0004-0009}
--------------------

Data were analyzed using two-sided unpaired Student t-test and two-way ANOVA for *in vitro* and *in vivo* experiments, respectively. \*, \*\*, and \*\*\* indicate *p* value \< 0.05, 0.01, and 0.005, respectively.
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